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The well‐established structure--function paradigm has been challenged by the discovery of intrinsically disordered functional proteins (IDPs).[1](#anie201607261-bib-0001){ref-type="ref"} Although lacking stable secondary or tertiary structure elements, this large class of proteins plays a crucial role in various cellular processes.[2](#anie201607261-bib-0002){ref-type="ref"} It is suggested that about 40 % of all proteins have disordered regions of 40 or more residues, with many proteins existing solely in the unfolded state.[3](#anie201607261-bib-0003){ref-type="ref"}

NMR spectroscopy is a well‐suited method for studying the residual structure, dynamics, and interactions of IDPs with atomic resolution under near‐native conditions.[4](#anie201607261-bib-0004){ref-type="ref"} The key step for these studies is the assignment of NMR resonances, which is particularly challenging for IDPs owing to poor chemical‐shift dispersion, which results in severe spectral overlap. This is due to a lack of well‐defined hydrogen bonds and a missing hydrophobic core with aromatic contributions.[5](#anie201607261-bib-0005){ref-type="ref"} To reduce spectral overlap, several approaches have been proposed. In the "divide and conquer" approach, chemical‐shift assignments of shorter constructs obtained by standard NMR experiments are transferred to the full‐length protein.[6](#anie201607261-bib-0006){ref-type="ref"} To assign chemical shifts of full‐length unstructured proteins, experiments have been proposed that make use of the favorable relaxation properties of IDPs in high‐dimensional experiments (up to 7D).[7](#anie201607261-bib-0007){ref-type="ref"} These experiments reduce resonance overlap and can potentially provide unambiguous chemical‐shift assignments. An alternative strategy is the direct detection of heteronuclei, using the beneficial chemical‐shift dispersion of ^13^C[8](#anie201607261-bib-0008){ref-type="ref"} or the increased resolution of direct detection of ^15^N.[9](#anie201607261-bib-0009){ref-type="ref"} These approaches can be implemented easily with nonuniform sampling combined with non‐Fourier signal processing methods and fast‐pulsing techniques in order to reduce measurement time.[10](#anie201607261-bib-0010){ref-type="ref"}

Nevertheless, even providing that complete chemical‐shift assignments can be obtained, missing chemical‐shift dispersion in 2D NMR experiments complicates standard NMR approaches, including chemical‐shift perturbation mapping of protein--ligand interactions and studies of protein dynamics. In particular, unstructured low‐complexity regions display strong signal overlap due to their lack of sequence variation and repetitive nature.[11](#anie201607261-bib-0011){ref-type="ref"}

Herein, we present a simple and straightforward approach to increase the chemical‐shift dispersion of NMR resonances of an IDP and facilitate NMR chemical‐shift assignment when using standard methods. Our approach is based on the introduction of a rigid lanthanide‐chelating tag at a cysteine site. We demonstrate that this leads to enhanced chemical‐shift dispersion through a pseudo‐contact chemical shift (PCS) contribution for resonances up to 26 residues from the tagging site.

A large number of paramagnetic tags have been developed to exploit their effects on biomolecules.[12](#anie201607261-bib-0012){ref-type="ref"} Lanthanides have been found to be particularly useful because the variations in their susceptibility tensors allow tuning of the desired effects through choosing a particular lanthanide.[13](#anie201607261-bib-0013){ref-type="ref"} Cyclic polyamines have been shown to provide high lanthanide binding affinities with reasonable rigidity to minimize conformational averaging of the observed paramagnetic effects. Nevertheless, some tags can adopt different isomers after complex formation, which leads to the observation of multiple NMR signals. Various chemical modifications have been suggested to control the isomerization of the chelate.[14](#anie201607261-bib-0014){ref-type="ref"}

We decided to use a DOTA‐M8 ytterbium tag, here denoted as Yb‐M8 (DOTA=1,4,7,10‐tetraazacyclododecane‐1,4,7,10‐tetraacetic acid).[15](#anie201607261-bib-0015){ref-type="ref"} This lanthanide chelator has the advantage of being rigid, which strongly increases the magnitude of the PCS. For most lanthanide ions, the Ln‐M8 tag shows two different conformations, which leads to a doubling of resonances. In contrast, ytterbium was shown to populate mainly one observable conformation.[16](#anie201607261-bib-0016){ref-type="ref"} Furthermore, ytterbium causes moderate PCS and reasonable relaxation‐enhancement effects, such that all residues close to the tagging site can still be observed.

To demonstrate the suitability of our approach we used the intrinsically disordered arginine‐glycine‐glycine (RGG)‐repeat‐rich C‐terminal region of the protein "fused in sarcoma" (FUS, residues 454--526). FUS is a nuclear DNA/RNA‐binding protein that is the pathological hallmark protein in abnormal cytoplasmic and nuclear inclusions in some cases of frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS).[17](#anie201607261-bib-0017){ref-type="ref"} It contains two structured nucleotide‐binding domains and several disordered regions. The disordered C‐terminal RGG‐rich region has been identified as an arginine methylation site that is involved in nuclear transport and the formation of stress granules.[18](#anie201607261-bib-0018){ref-type="ref"} This region harbors key interaction sites for several ligands, including the nuclear import factor transportin‐1 and G‐quadruplex RNAs.[18](#anie201607261-bib-0018){ref-type="ref"}, [19](#anie201607261-bib-0019){ref-type="ref"} The 36‐residue RGG‐rich region (472--505) contains 18 glycines and 10 arginines (Figure S1a in the Supporting Information) and lacks stable secondary structure. The NMR chemical shifts are challenging to assign because most of the ^1^H, ^15^N, and ^13^C resonances show severe overlap. By using a conventional NMR chemical‐shift assignment approach, we were able to unambiguously assign only a small fraction of the ^1^H and ^15^N backbone resonances (16 out of 36). To enhance the chemical‐shift dispersion of this region, we generated two single‐point cysteine mutants (D470C and D502C) at the N‐terminal and C‐terminal site of the RGG region and covalently attached the M8 lanthanide‐binding tags.

We found that this tag is still rigid enough when bound to the IDP to generate substantial PCS effects. Figure [1](#anie201607261-fig-0001){ref-type="fig"} a displays the effect of the lanthanide tag on the ^1^H^15^N‐HSQC spectrum of FUS. A large PCS effect can be observed in the surrounding resonances up to a maximum shift of 2.0 ppm in the amide ^1^H dimension (Figure [1](#anie201607261-fig-0001){ref-type="fig"} b). Chemical‐shift changes were detected for a number of amide resonances and a difference of 0.014 ppm was found for Gly496, which is 26 residues away from the labeled Cys470, corresponding to half of the full‐width half‐maximum of the peak (0.029 ppm in the ^1^H dimension). For position 470, the PCS effect was strongest for the C‐terminal part of the sequence and showed chemical‐shift changes inversely proportional to distance from the labeled cysteine residue. In contrast, for position 502, the PCS was higher for the N‐terminal region, meaning that for both tags, the PCS was stronger towards the center of the protein sequence and decayed more rapidly towards the termini. This highlights the sensitivity of the introduced tag to intrinsic protein dynamics. As a control, a diamagnetic sample was prepared by using the lutetium‐bound version of the tag positioned at C470. This tag yielded only small chemical shift changes in neighboring residues in the ^1^H^15^N spectra (Figure S2), which demonstrates that the observed effects originate from the paramagnetic ytterbium.

![Spectral changes induced by the Yb‐M8 tag for FUS. a) ^1^H^15^N‐HSQC spectra of the reference (blue) and the Yb‐M8‐labeled (D470C magenta, D502C orange) spectrum of FUS(454--526). Each protein concentration is 200 μ[m]{.smallcaps} and data were acquired with the same experimental time (8 scans, 128 complex data points, 1 s interscan delay) on a 900 MHz NMR spectrometer. b) ^1^H chemical‐shift differences of assigned residues between the two spectra. Peaks that could only be assigned in the Yb‐M8‐labeled samples are marked. Reference chemical shifts for these residues were determined by using an online prediction tool that performs sequence, temperature, and pH correction.[21](#anie201607261-bib-0021){ref-type="ref"} Proline positions are marked with P.](ANIE-55-14847-g001){#anie201607261-fig-0001}

Remote backbone residues and aromatic side chains (Figure S3) remain unaffected. After introducing the Yb‐M8 tag, the high dispersion allowed assignment of the shifted residues using standard CBCA(CO)NH and HNCACB NMR experiments (Figure S1b).[20](#anie201607261-bib-0020){ref-type="ref"} The favorable relaxation properties of the introduced tag also allowed observation of the Cα/Cβ Cys470 and Cys502 resonances (Figure S1b). To further quantify the effect of the Yb‐M8 tag on the relaxation properties of FUS, we recorded longitudinal (R1) and transverse (R2 or R1ρ) amide proton and nitrogen relaxation rates for the Yb‐M8‐labeled and unlabeled protein (Figure S4). The relaxation rates were increased close to the tagging site (i.e. up to a 3.25 times higher proton R2 for G469 next to C470), and unaffected for residues with increasing distance from the tag, as expected for a non‐interfering modification. This shows that high‐quality NMR spectra can be obtained for the Yb‐M8 tag even for residues close to the tagging site, which are often not available when using other paramagnetic tags.

To further test the general applicability of the M8‐tag, we attached the Yb‐M8 label to the unstructured N‐terminal region of Lymphoid enhancer‐binding factor 1 (Lef‐1, residues 1--101), a key transcription factor of the WNT‐signaling pathway. The N‐terminal site includes a low‐complexity region with 8 consecutive glycine residues (ranging from residues 6 to 13) that appear in a single cluster in the ^1^H^15^N‐HSQC spectrum and are unassignable using conventional techniques. After attachment of the Yb‐M8 tag to the native cysteine, all of the glycine residues are well separated and can easily be assigned. Figure [2](#anie201607261-fig-0002){ref-type="fig"} a shows an overlay of the ^1^H^15^N‐HSQC for the reference and Yb‐M8‐labeled samples. The histogram (Figure [2](#anie201607261-fig-0002){ref-type="fig"} b) shows the ^1^H chemical‐shift differences; the largest chemical shift change was observed for Cys18 (1.2 ppm). There are two proline residues close to the label at positions *i*−3 and *i*+7, which clearly reduced the PCS of the neighboring residues through *cis*--*trans* racemization. Interestingly, although the N‐terminal PCS are all positive, as observed for both FUS mutants, the C‐terminal resonances show negative PCS values. The diamagnetic Lu‐M8‐tagged sample showed only small changes in the close vicinity of the labeled cysteine residue (Figure S5). Again, R~1~ and R~2~ ^15^N relaxation data (Figure S6) and chemical‐shift positions of remote residues do not indicate any additional intramolecular changes in the dynamic behavior of the protein. For the Lef‐1 sample, peaks outside the low‐complexity region are better resolved than in the FUS spectra. Direct comparison of the ^1^H^15^N‐HSQC peak intensities shows that the proximal resonances (residues 14--26, with the Yb‐M8 tag attached to Cys18) display a reduced intensity (Figure S7). The lowest intensity found is about 25 % of the unlabeled tag, which highlights the tolerable paramagnetic relaxation enhancement (PRE) effect of the Yb‐M8 label.

![Spectral changes induced by the Yb‐M8 tag for Lef‐1(1--101). a) ^1^H^15^N‐HSQC spectra of the reference (blue) and the Yb‐M8‐labeled (pink) sample. Each protein concentration is 200 μ[m]{.smallcaps} and data were acquired with the same experimental time (8 scans, 128 complex data points, 1 s inter‐scan delay) on a 900 MHz NMR spectrometer. Residues marked with (\*) are part of a protease cleavage site (see the Supporting Information). b) Absolute values of ^1^H chemical‐shift differences of assigned residues between the two spectra. Peaks that could only be assigned in the Yb‐M8‐labeled samples are marked. Proline positions are marked with P.](ANIE-55-14847-g002){#anie201607261-fig-0002}

Introduction of the Yb‐M8 tag is a general approach that can alleviate the problem of chemical‐shift degeneracy in IDPs, and in repeat regions in particular. To demonstrate the practicability of our approach, we titrated the D470C Yb‐M8‐labeled version of FUS with a biological interaction partner, the 110 kDa nuclear import protein transportin‐1. So far, only the interaction with the C‐terminal domain of FUS has been structurally characterized,[22](#anie201607261-bib-0022){ref-type="ref"} but recent findings have suggested a role of the preceding RGG‐rich region.[18](#anie201607261-bib-0018){ref-type="ref"}, [23](#anie201607261-bib-0023){ref-type="ref"} The introduction of the tag allowed observation of spectral changes of this repetitive protein sequence with single‐residue resolution. This region has previously been too overlapped for unique assignments, but now it could be demonstrated that the RGG‐rich region is involved in transportin‐1 interaction (Figure S8).

Although cysteine residues are typically underrepresented in unstructured protein regions, they can easily be engineered into the protein sequence so that the tag can be incorporated at the site of interest.[24](#anie201607261-bib-0024){ref-type="ref"} If necessary, multiple sites can be mutated and tagged to resolve longer protein sequences. The enhanced chemical‐shift dispersion greatly simplifies the NMR studies of both protein interactions and dynamics when the Yb‐M8 tag is attached. In particular for studying protein--ligand interactions, the 1/*r* ^3^ long‐range distance dependence of the PCS effect is of great benefit. Clearly, and as for any other commonly used tag, it must be ensured that introduction of the Yb‐M8 tag does not interfere with native protein interactions. Nevertheless, the Yb‐M8 tag is highly polar and water soluble compared to the frequently used hydrophobic aminoxyl tags.[12](#anie201607261-bib-0012){ref-type="ref"}, [25](#anie201607261-bib-0025){ref-type="ref"} In summary, we present a simple and straightforward approach to resolve severe chemical‐shift overlap in disordered proteins by exploiting the substantial PCS induced by the ytterbium‐M8 tag. The enhanced chemical‐shift dispersion and long‐range PCS effects provide a well‐suited starting point for studying the protein--ligand interactions and dynamics of IDPs by NMR. Given that IDPs represent a large fraction of the proteome, are often rich in repeat regions, and act as key interaction hubs with cofactors, our approach will greatly facilitate resolution of the molecular mechanisms of these intricate, highly biologically relevant interaction networks.
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